The ability of cells to deform and generate forces are key mechanical properties that are implicated in metastasis. While various soluble and mechanical cues are known to regulate cancer cell mechanical phenotype or mechanotype, our knowledge of how cells translate external signals into changes in mechanotype is still emerging. We previously discovered that activation of β -adrenergic signaling, which results from soluble stress hormone cues, causes cancer cells to be stiffer or less deformable; this stiffer mechanotype was associated with increased cell motility and invasion. Here, we characterize how β -adrenergic activation is translated into changes in cellular mechanotype by identifying molecular mediators that regulate key components of mechanotype including cellular deformability, traction forces, and nonmuscle myosin II (NMII) activity. Using a micropillar assay and computational modelling, we determine that β AR activation increases cellular force generation by increasing the number of actin-myosin binding events; this mechanism is distinct from how cells increase force production in response to matrix stiffness, suggesting that cells regulate their mechanotype using a complementary mechanism in response to stress hormone cues. To identify the molecules that modulate cellular mechanotype with β AR activation, we use a high throughput filtration platform to screen the effects of pharmacologic and genetic perturbations on β AR regulation of whole cell deformability. Our results indicate that β AR activation decreases cancer cell deformability and increases invasion by signaling through RhoA, ROCK, and NMII. Our findings establish β AR-RhoA-ROCK-NMII as a primary signaling axis that mediates cancer cell mechanotype, which provides a foundation for future interventions to stop metastasis.
Introduction
Cellular mechanotype is implicated in multiple steps of the metastatic cascade. The ability of cancer cells to deform and generate physical forces is required during intravasation as cancer cells escape from the primary tumor (1) . Indeed, cancer cells that exhibit increased traction forces tend to be more invasive (2) . To metastasize, tumor cells must survive fluid shear stresses during circulation as well as mechanical stresses during their transit through narrow gaps of the vasculature (3) . Cancer cell mechanotype also determines the propensity of circulating tumor cells to lodge in pulmonary beds (4, 5) , which is required for seeding metastatic tumors. A variety of environmental factors are known to modulate cancer cell mechanotype, including soluble and mechanical cues. Cancer cells increase their stiffness or traction forces in response to growth factors including TGF-β (6) , as well as decreased oxygen levels or hypoxia (7) . Mechanical cues, such as increased matrix stiffness in tumors, cause cancer cells to increase their stiffness and force production (8) (9) (10) . While various soluble and mechanical cues are known to regulate cancer cell mechanotype (11, 12) , our knowledge of the shared molecular mediators that regulate cellular mechanotype and functional behaviors to drive metastasis is still emerging.
The catecholaminergic stress hormones, epinephrine and norepinephrine, are critical regulators in physiology and disease. Acute psychological stress rapidly increases local or circulating plasma concentrations of catecholamines, which results in increased activation of β adrenoceptors (βAR); these G-protein coupled receptors are expressed in many types of cancers (13) (14) (15) . We previously discovered that activation of β AR regulates the deformability of a range of cancer cell types from breast to prostate, making cells stiffer or less deformable; this stiffer mechanotype induced by β AR activation is associated with increased cell motility and invasion (16) . The increased invasion of cancer cells induced by β AR activation is consistent with preclinical findings that activation of β AR signaling in response to agonists or physiological stress drives metastasis of breast cancer in mouse models (17, 18) . Moreover, blocking β AR signaling with the clinically used β -blocker propranolol results in reduced metastasis and improved survival in cancer patients in prospective clinical trials (19, 20) . Retrospective studies also suggest the protective effects of β -blockade as indicated by increased survival of patients who coincidentally were taking β -blockers at the time of diagnosis (21-23). If we could fully understand the molecular and biophysical mechanisms of β AR regulation of cancer cell mechanotype, this would deepen our fundamental biophysical knowledge of how cells sense and respond to environmental cues and potentially identify novel targets for intervention strategies to treat cancer.
We previously established that β AR signaling in breast cancer cells increased cell stiffness due to activation of β AR at the cell surface by soluble agonists (16) . We identified that β 2 AR is the predominant subtype in highly metastatic MDA-MB-231 HM cells, and is required for cell stiffness changes following β AR activation (16, 24) . The resultant changes in cellular deformability require both filamentous (F-) actin and non-muscle myosin II (NMII) activity (16, 25) . While we established β AR regulation of cellular deformability across cancer cell types, the biophysical mechanisms and intermediate molecular mediators that translate soluble stress hormone cues into mechanical changes at the cellular level are still unclear. Here we test the hypothesis that 4 β AR regulates the mechanotype of cancer cells through a β AR-RhoA-ROCK-NMII axis. To investigate how soluble β AR agonists regulate cellular mechanotype, we measure key components of mechanotype including cellular deformability, which is the ability of cells to deform through micron-scale pores in response to applied pressure; cellular traction forces, or the magnitude of physical forces that cells exert on their substrate; and levels of NMII activity, which are associated with cellular force production. To gain mechanistic insights into how β AR activation increases cellular traction forces, we use a computational model to determine the effects of β AR activation on the mechanisms of actomyosin-mediated force generation, including the number of NMII molecules that actively interact with actin stress fibers to generate forces. To identify molecules that mediate the β AR-induced changes in cellular mechanotype, we use a high throughput filtration platform to screen the effects of pharmacologic and genetic perturbations on whole cell deformability. Finally, we assess the role of the identified molecular mediators in cancer cell motility by measuring the in vitro invasion of cancer cells. Our findings establish β AR-RhoA-ROCK-NMII as a primary signaling axis that mediates cancer cell mechanotype and invasion.
Materials and Methods

Cell lines and reagents
The triple-negative breast adenocarcinoma cell line, MDA-MB-231, and highly metastatic variant of the cell line, MDA-MB-231 HM , were cultured as previously described (16, 18) . The nontransformed mammary epithelial cell line (MCF10A) was cultured in DMEM/F12 media supplemented with 5% horse serum, 1% pen/strep, 20 ng/ml EGF, 0.5 μ g/ml hydrocortisone, 100 ng/ml cholera toxin, and 10 μ g/ml insulin. The β AR agonist, isoproterenol, and antagonist, propranolol, were from MilliporeSigma (Burlington, MA, USA). To inhibit the activity of nonmuscle myosin II we used (-)-blebbistatin (Selleckchem). Rho-associated protein kinases (ROCKs) were inhibited using Y-27632 dihydrochloride (Y27632, Selleckchem) and glycyl-H 1152 dihydrochloride (g-H-1152, Tocris); myosin light-chain kinase (MLCK) was inhibited using ML-7 hydrochloride (ML-7, Selleckchem); and p21-activated kinase 1 (PAK1) was inhibited using IPA-3 (Selleckchem). Cells were treated with drugs at 10 μ M for 24 h prior to measurements unless stated otherwise.
Transfections siRNA transfections were performed using Lipofectamine 3000 (ThermoFisher) according to manufacturer's instructions. Briefly, 50 nM of siRNAs were diluted in reduced-serum medium (Opti-MEM, Gibco) and mixed with Lipofectamine 3000 diluted in Opti-MEM followed by incubation for 5 min at room temperature. The mixture of siRNA and transfection reagent was added to the cell culture plate dropwise and cells were incubated for 72 h prior to measurement. We used the following siRNA sequences for RhoA and scrambled control (11, 26) : siRhoA-#1: 5'-AUGGAAAGCAGGUAGAGUU-3', siRhoA-#2: 5'-GAAAGACAUGCUUGCUCAU-3', siControl: 5′-CAGUCAGGAGGAUCCAAAGTG-3′.
Parallel microfiltration
To measure whole cell deformability, we used parallel microfiltration (PMF) (27, 28) . Cells were trypsinized with 0.25% trypsin-EDTA and cells in suspension were counted using an automated cell counter (TC20, Bio-Rad) and resuspended in medium to a density of 5×10 5 cells/ml. We also used the automated cell counter (TC20) to measure cell size distributions. To allow for cells to equilibrate after lifting into suspension, suspensions were maintained for 30 min prior to filtration. To drive cells through the 10 µm pores of the polycarbonate membrane (Millipore), we applied air pressure (2.0 kPa) for 20 s. To quantify the magnitude of cell filtration, we determined the volume of media that remained in the top well after filtration by measuring absorbance at λ 560 nm using a plate reader (SpectraMax M2, Molecular Devices) (29). Cells with reduced deformability have a higher probability of occluding pores and consequently exhibit a higher retention of fluid in the top well; we define the final volume of media retained in the top well compared to the initial volume loaded, Vol final /Vol initial , as % retention. 6 
Western blotting
Levels of proteins and protein phosphorylation were measured by western blotting. We loaded 30 μ g of total protein into 4-12% Bolt gels (Invitrogen) with MES buffer (Invitrogen). Protein samples were transferred onto nitrocellulose membrane (GE Healthcare) with NuPAGE transfer buffer (Invitrogen). To minimize non-specific protein adsorption, we incubated membranes with blocking buffer (5% skim milk in TBS-T) at room temperature for 1 h. To quantify protein levels, we then incubated with the following antibodies: mouse anti-GAPDH (#MA5-15738, 1:5,000; ThermoFisher), rabbit anti-phospho-MLC2 (#3671 and #3674, 1:1,000; Cell Signaling), mouse anti-MLC2 (#4401, 1:1,000; Sigma), and mouse anti-RhoA (#MA1-134, 1:1,000; ThermoFisher). We measured the band density of the scanned film using ImageJ software (NIH, v1.50a).
Micropillar assay
Micropillars were fabricated as previously described using PDMS and soft lithography (30) . To quantify pillar dimensions, we imaged the cross-section of the micropillar mold to determine the height of 6.5 ± 0.5 µm, and imaged the top view to determine the pillar diameter of 1.75 ± 0.5 µm. To facilitate darkfield imaging with a 20x objective (NA 0.5), gold micro-disks were bonded on the top of each pillar. Prior to cell seeding, we imaged 5 regions of the pillar array. Cells were seeded and adhered overnight prior to treatment with drugs for 24 h. To delineate cells for traction force analysis, we stained cells with calcein AM (ThermoFisher) for 5 min at 37°C. The same 5 regions of the micropillar devices were then imaged using fluorescence microscopy (Zeiss Axiovert A1) equipped with a 20x objective (NA 0.5) to identify pillars occupied by cells. Darkfield microscopy was used to determine the positions of the gold-tipped pillars before and after cell seeding; displacements of the pillars that were caused by cells were determined using custom software (MATLAB). The traction force, F, exerted by a cell on a single pillar was determined by:
where E is the elastic modulus of the pillar (2.0 MPa), r is the radius of the pillar, L is the height of the pillar, and ∆ x is the horizontal displacement of the pillar between t 0 and t measured (Fig 1C) (30) .
Invasion assay
To measure the invasion of cells through a 3D matrix, we used a modified scratch wound assay (16, 31) . A 96-well plate (ImageLock, Essen BioScience) was pre-coated with 100 μ g/ml Matrigel (Corning). We then plated 3×10 4 cells transfected with siRhoA or siControl (at posttransfection 24 h) into each well and incubated for 48 h. We generated 700-800 µm wide wounds in near 100% confluent cell monolayers using a 96-pin mechanical device 7 (WoundMaker™, Essen BioScience). Cells were then washed with DMEM medium and 8 mg/ml Matrigel was added to cover the entire well. After a 30 m incubation at 37°C to solidify the Matrigel, 100 μ l of culture medium containing isoproterenol and/or propranolol was added. We acquired images every 2 h and determined the relative wound density using IncuCyte™ software (Essen BioScience). To determine any differences in proliferation rates, which can also impact wound healing rates, we measured the proliferation of cells on Matrigel (Supp. Fig 1B,  C) .
Computational modeling
We simulated the effect of myosin activation on cellular traction forces by modeling the transition states of myosin, the force transferred to the focal adhesion site via actin, and the bound/unbound state of integrin. Myosin has 4 transition states and a regulatory light chain dephosphorylated state 15 representing non-active myosin (Fig 2A) . The forward transition states are k 12 , k 23 , k 34 , and k 41 . ATP hydrolysis represented by k 23 , is reversible and has a reverse rate k 32 . Dephosphorylation/phosphorylation is represented by the transition variable from state 2 to state 15, with rates k 215 and k 152 respectively. The ratio of transition rates between the dephosphorylated and phosphorylated myosin states are derived from the experimental ratios of ppMLC2:MLC2 obtained from western blots (Fig 1G) ,
Transition rates in the bound motor states 3 and 1 are modified by strain in the motor stalks due to the forces acting on the stalk (32), the effect of which is modeled as
where k m is the stiffness of the motor stalk, is the strain in the stalk, k B is the Boltzmann constant, T is the absolute temperature, and ߜ is the characteristic bond-length of the actinmyosin bond (33) . The state change of each motor is updated independently using the Gillespie algorithm to calculate the probability that a motor with change from the current state to the next by
The forces generated by myosin on an actin are
where N 4 is the number of motors in state 4 and y is the motor step size. The first term represents the active force generated by the motors and the second term represents the passive force from the strain in the motor stalk of all motors (this is zero for motors that are not bound to actin filaments). The myosin-generated force on actin stress fibers is transferred to integrins at the focal adhesion/ECM interface. The displacement, x, of the stress-fiber pulling against the substrate is given by solution of
where k spring is the effective spring constant of the substrate and the integrin protein, and γ is drag on the actin stress fiber (34) .
The integrin catch-slip bond dissociation rate k cs is modeled by
where k catch represents the catch regime, k slip is the slip regime, and f is the applied force experience by the integrin bond (35) . Within a certain force range, integrin bond lifetimes increase, however, the bond will revert to a slip bond if the force exceeds the range. An unbound integrin has a probability of reattaching modeled as
Traction forces at time (t) are calculated as the net force from all the actin stress fibers is obtained by
The model parameters used are obtained from existing literature and listed in supplementary table 1.
Statistical analyses
All experiments were performed at least three independent times, unless otherwise stated. Statistical significance between control and treated groups was determined with an unpaired ttest or one-way ANOVA with Tukey's multiple comparison post hoc analysis using GraphPad Prism 8 (GraphPad Software, La Jolla, CA).
Results
1.
β
AR signaling modulates cancer cell mechanotype
To investigate the effect of β AR signaling on deformability of cancer cells and non-transformed epithelial cells, we used the parallel microfiltration (PMF) method that we previously developed (27) . In PMF, suspensions of cells are driven to filter through a membrane with 10 µm pores on the timescale of seconds in response to applied air pressure; PMF thus measures the ability of whole cells to passively deform through narrow gaps. Less deformable cells are more likely to occlude the pores, resulting in reduced filtration and increased retention of the cell suspension in the top well (Fig 1A) . We compared the deformability of MDA-MB-231 HM breast cancer cells, which is a highly metastatic variant of the established parental malignant cell line MDA-MB-231, and the non-transformed mammary epithelial cells MCF10A following treatment with the β AR agonist isoproterenol. Cells were treated with 100 nM isoproterenol, which induces maximal response in deformability (16). Both the parental MDA-MB-231 and the highly metastatic MDA-MB-231 HM cells showed similar increases in retention with isoproterenol treatment (Fig 1B) . By contrast we found no significant changes in the retention of MCF10A cells following β AR activation. We did not observe any significant changes in cell size across treatment conditions (Supp. Fig 1A) , indicating that the observed differences in retention with isoproterenol treatment were not due to changes in cell size. We also found that the increased retention caused by isoproterenol was abrogated by treatment with the β AR antagonist propranolol, confirming that isoproterenol is acting through β AR. These findings suggest that β AR activation alters the deformability of malignant cancer cells.
Since we previously showed that the increased stiffness of breast cancer cells with activation of β AR signaling was dependent on NMII activity (16, 25), and NMII contributes to actomyosinmediated cellular force generation, we speculated that β AR may regulate cellular traction forces. NMII activity is also critical for cancer cell invasion (36) and more invasive cancer cells tend to have increased traction forces compared to less invasive cells (2) . To test the hypothesis that activation of β AR signaling increases cellular force generation, we treated MDA-MB-231 HM cells with β AR agonist and measured cellular traction forces using a micropillar assay. Cells were plated on flexible polydimethylsiloxane (PDMS) micropillars, and the lateral displacements of pillars were tracked after activation of β AR with the agonist isoproterenol ( Fig 1C) (30) . Activation of β AR signaling in MDA-MB-231 HM cells with 100 nM of isoproterenol resulted in a ~2-fold increase in median traction forces from ~2 nN to ~4 nN per pillar (p < 0.0001) (Fig 1E) ; this increase in cellular traction forces was abrogated by the β -blocker propranolol. Propranolol itself had no effects on baseline cellular traction forces compared to vehicle (Fig 1D, E) . These findings show that β AR activation increases cancer cell force generation.
To determine how β AR activation impacts the activity of NMII, we measured phosphorylation of myosin light chain 2 (MLC2), which regulates NMII motor activity, the formation of myosin filaments, and actin-myosin crosslinking (36) . We found that β AR activation by isoproterenol resulted in a concentration-dependent increase in the phosphorylation of MLC2 (Fig 1F, G) . With the same isoproterenol concentration that induced an increase in cellular traction forces, we observed a ~13-fold increase in MLC2 phosphorylation relative to total MLC2. Taken 1 0 together, these results indicate that β AR activation increases NMII activity and cellular traction forces. 
2.
AR activation increases cellular force generation by enhancing actin-NMII binding
To gain mechanistic insight into how stress hormones regulate cellular mechanotype, we generated a computational model to predict cellular traction forces. In this model, focal adhesions were modeled as multiple actin stress fibers (~ 120/μm 2 ) (37-39) tugging on substrate bound integrins by the action of myosin motors (~ 32/stress fiber) (40, 41) . Individual motor-filament interactions as well as integrin dynamics were simulated using a stochastic Monte Carlo approach (42) . The activity of each individual motor was a function of its phosphorylation state, ATP binding and hydrolysis rates, as well as the pushing or pulling forces acting on each motor (Fig 2A, Supp. Table 1) . We used the experimentally determined ratio of ppMLC2 to total MLC2 (Fig 1G) as an input to the model to capture ROCK-dependent MLC2 phosphorylation and dephosphorylation rates. Using this model, we estimated the force in individual actin stress fibers over time as they bind, tug, and unbind from surface bound integrins. We also determined the net traction force per unit area generated within focal adhesions over time. Increasing isoproterenol concentration from 0 to 1,000 nM resulted in a 4fold increase in the number of NMII molecules that actively interact with actin filaments and generate forces (Fig 2C) . Consequently, for isoproterenol concentrations > 10 nM there is a ~2fold increase in the predicted net traction force per unit area (Fig 2D) , in close quantitative agreement with the experimental traction force data (Fig 1E) . Interestingly, the increased 1 1 number of interacting NMII molecules in response to β AR signaling does not significantly increase the force generated within each individual stress fiber, but rather the total number of stress fibers generating traction forces greater than 20 pN within a focal adhesion as shown in the kymographs (Fig 2E, F, Supp. Fig 2A, B) . To examine how this mechanism of cellular force generation compares with the cellular response to matrix stiffness, which is established to increase cellular traction forces (43, 44) , we used the same model to predict traction forces with increasing substrate stiffness (increasing the value of effective k spring in the model). We observed that with increasing substrate stiffness, the model predicts increased traction force at the focal adhesion results from a stronger force generated within a single stress fiber while the number of interacting motors remains the same (Fig 2G-J) ; this is due to an increase in the average lifetime of integrin catch bonds on stiffer substrates, allowing the forces in the stress fibers to reach higher values before the bond breaks (Supp. Fig 2D-F) . Here we have neglected downstream effects of focal adhesion signaling in modeling the response to cells to both β AR activation and matrix stiffness. However, the results obtained from our minimal model sufficiently capture our experimental observations of β AR activation on cellular force generation (Fig 1E) , indicating that we are capturing the predominant mechanisms of traction force generation. Moreover, our observations are consistent with previous models of cellular traction force generation with increasing substrate stiffness (45) . Taken together, these data from both computational modeling (Fig 2) and experiments (Fig 1E) substantiate that β AR activation increases cellular force generation by increasing the number of active motors per stress fiber and suggest that cells may tune force production through distinct yet complementary mechanisms for soluble versus mechanical cues. 
3.
β AR signaling alters cell deformability through a RhoA-ROCK-NMII axis 1 2 To begin to dissect the molecular mechanisms underlying how β AR increases NMII activity to regulate cellular mechanotype, we tested the role of specific kinases that may be involved in β AR regulation of NMII activity using pharmacologic inhibitors. We activated β AR signaling while simultaneously inhibiting the activity of three kinases that are well-characterized regulators of NMII activity: Rho-associated protein kinase (ROCK), myosin light-chain kinase (MLCK), and p21-activated kinase (PAK) using the pharmacologic inhibitors Y-27632, ML-7, and IPA-3. We used PMF to rapidly assay effects of these perturbations on β AR regulation of cellular deformability (27) . Activating β AR by isoproterenol treatment resulted in a significant increase in retention (as in Fig 1B) . However, when NMII activity was inhibited with blebbistatin prior to isoproterenol treatment, we observed no significant changes in retention (Fig 3A) . Similarly, when ROCK was inhibited by Y-27632, isoproterenol treatment did not cause any significant increase in retention, suggesting that ROCK is also required for the β AR-induced decrease in cellular deformability. By contrast, when MLCK and PAK were inhibited by ML-7 and IPA-3, we still observed a statistically significant increase in retention following isoproterenol treatment (Fig 3A) . Taken together, these findings indicate that ROCK is a major contributor to the β ARinduced changes in cellular deformability. To further validate that ROCK is an essential kinase in β AR-regulation of cell deformability, we treated cells with increasing concentrations of isoproterenol in the presence of each myosin kinase inhibitor (Fig 3B-D) . The β AR-induced increase in retention was fully blocked only when ROCK activity was inhibited by Y27632 ( Fig  3B) . We observed similar effects with the ROCK inhibitor, g-H-1152, which has higher specificity for ROCK than Y-27632 (46) (Supp. Fig 1E) . These results show that ROCK activity is required for β AR regulation of cellular deformability. We next investigated the role of RhoA, a canonical upstream regulator of ROCK and NMII activity. To address the role of RhoA in regulating β AR-induced changes in cellular deformability, we knocked down RhoA using two different siRNAs (siRhoA-1 and siRhoA-2), and assayed cell filtration following isoproterenol treatment. Knockdown of RhoA by siRNA reduced protein levels by ~70% (Fig 4A, B) . Cells with RhoA knockdown did not show any observable increase in retention following β AR activation (Fig 4C) ; these findings were consistent with the effects of ROCK inhibition (Fig 3A, B, Supp. Fig 1E) and support that β AR activation alters cellular deformability through a RhoA-ROCK-NMII axis. 
4.
AR signaling regulates cell invasion through a RhoA-ROCK-NMII axis
Since cellular mechanotype is strongly associated with the motility of cancer cells (16, 47-49), we next investigated the role of a RhoA-ROCK-NMII axis in regulating the β AR-induced changes in the invasion of breast cancer cells. To simulate invasion through the tissue environment, we used a 3D scratch wound assay (16, 31) . We found that isoproterenol treatment increased invasion compared to vehicle treated cells (Fig 5A, C) ; this finding was consistent with our previous studies (16). However, with inhibition of NMII activity (blebbistatin) or ROCK (Y-27632), β AR activation had no observable effects on cell invasion (Fig 5A, C, E) . We next tested the effects of RhoA on β AR modulation of cancer cell invasion. We found that RhoA knockdown also suppressed the β AR-mediated increase in cell invasion (Fig 5B, D, F) .
Since cell proliferation can also impact wound closure rates in this 3D invasion assay, we measured changes in cell confluence over the experimental timescale of 48 h but found no significant changes across inhibitor treatments and RhoA knockdowns (Supp. Fig 1B, C) . These findings demonstrate that the increased invasion due to β AR activation requires ROCK, RhoA, and NMII activity.
Taken together, our results show that a β AR-RhoA-ROCK-NMII axis plays a central role in how cancer cells translate soluble stress hormone cues into changes in cellular mechanotype, including their deformability and contractility, as well as invasion (Fig 6) . Mechanistically our findings show that the altered mechanotype that occurs with β AR activation results from increased NMII-actin interactions. 
Discussion
Here we show that a soluble β AR agonist elicits mechanotype changes in cancer cells through a β AR-RhoA-ROCK-NMII axis. Specifically, we found that cancer cells exhibit increased NMII activity and increased number of NMII-actin interactions, as well as enhanced traction force generation in response to β AR activation, and that RhoA, ROCK, and NMII activity contribute to the decreased deformability and increased invasion of cancer cells with β AR activation (Fig 6) .
By developing a mechanistic model that predicts the mechanotype changes induced by β AR activation, we gained a deeper understanding of how cells translate soluble signals into mechanical forces. Our findings reveal that β AR activation increases cellular force generation by increasing the number of NMII motors engaged with actin filaments and in turn increasing the number of actin stress fibers generating forces at a given time; this is driven by ROCK dependent changes in MLC phosphorylation states. We showed how this β AR-regulated mechanism of increased cellular force production contrasts the mechanism of how cells enhance their force production in response to increased matrix stiffness: modeling stiffer substrates we observed an increase in cellular traction forces due to increased forces generated by individual actin stress fibers, which results from an increased lifetime of integrin-substrate catch bonds. The ability of cells to increase force production through two separate yet complementary mechanisms could enable them to independently tune force production to achieve enhanced sensitivity and/or dynamic range in response to combinations of external cues. Our results that show β AR activation increases the number of actin-bound NMII motors by ~4-fold, which also explains the decreased whole cell deformability that we observed using the PMF assay. Existing models show that cell stiffness increases linearly with NMII motorgenerated stress in biopolymer networks and this motor-generated stress is in turn proportional to the number of active force generating motors in the system (50, 51) . The computational models we generated here can be further extended to predict the effects of soluble cues on more complex cellular behaviors such as motility and bi-directional cell-matrix interactions. Future work will determine how simultaneous matrix stiffness and stress hormone cues are processed and integrated to regulate cellular force generation and mechanical homeostasis. More broadly, the framework that we have established could be applied to advance knowledge of how combinations of diverse types of external cues impact cellular mechanotype. The approach we present here shows how such a combined experimental and computational framework is critical to address the fundamental question of how cells process diverse soluble and mechanical cues to generate an integrated cellular response.
Here we establish β AR-RhoA-ROCK-NMII as a mechanoregulating pathway that may be used by cancer cells to regulate their deformability, traction force generation, and invasion. Both changes in mechanotype and invasion can impact tumorigenesis and metastasis (1, 52) . While RhoA and ROCK are well established regulators of cellular motility and cancer cell invasion (53, 54) , knowledge of the upstream signals that activate this pathway is still emerging. The RhoA-ROCK axis has been implicated in how cancer cells sense and respond to the increased matrix stiffness that results from the increased tumor stiffness due to fibrosis and cancer associated fibroblast contractility (55) ; this results in integrin signaling through a RhoA-ROCK axis (56) . More recently, hypoxia has been shown to alter cancer cell force generation through RhoA- 1 6 ROCK signaling (7) . Other essential factors in the tumor microenvironment such as epidermal growth factors have been shown to modulate cancer cell mechanotype including local cell elasticity, actin cytoskeleton architecture, and cell migration (12) . It will be interesting in future work to define the interplay among multiple signals that activate RhoA-ROCK (57) to regulate cancer cell behaviors in the complex tumor microenvironment.
The molecular mediators upstream of RhoA that determine β AR-mediated regulation of mechanotype also remain to be determined. β AR is known to regulate cellular functions through the canonical G protein-mediated cAMP-PKA signaling pathway (58) (59) (60) . Our previous findings support that β AR-regulation of cellular mechanotype involves cAMP-PKA because treatment with the adenyl cyclase activator forskolin also resulted in similar decreased cellular deformability (16). In addition to the cAMP-PKA pathway, β AR could regulate cellular mechanotype through a β Arrestin-Src pathway (61, 62) . The role of specific ROCK isoforms in β AR-regulation of mechanotype also remains to be determined, including whether the two isoforms of the ROCK, ROCK1 and ROCK2, play redundant roles. Previous reports identify that ROCK isoforms differentially modulate cancer cell motility in MDA-MB-231 cells (56), so we anticipate that specific isoforms may also differentially modulate cellular mechanotype. While we show here RhoA-ROCK is a major axis for activating NMII through β AR, additional pathways that regulate NMII activity, such as MLCK and PAK, may be also be involved in β AR-regulation of cancer cell mechanotype through compensatory effects and/or crosstalk with the RhoA-ROCK signaling pathway (63, 64) . Understanding the interplay among diverse signaling pathways that regulate cancer cell invasion and metastasis will also be crucial; for example, β AR activation affects downstream mediators including Src and MMPs, which are established to promote metastasis (61, 62, 65, 66) . Combinatorial studies that utilize co-treatments of inhibitors and/or knockdowns will further refine our knowledge of the specific pathways that contribute to β AR regulation of cellular mechanotype.
Given the role of epithelial cells in regulating morphogenesis (67, 68) , wound healing (69), and cancer progression (70), a deeper knowledge of how stress hormones impact cellular mechanotype should advance our understanding of physiological processes. Future studies across a broader range of malignant and non-transformed epithelial cell types will be valuable to define how broadly the regulation of cellular mechanotype through a β AR-RhoA-ROCK-NMII axis holds across different types of cells. Our findings from this study suggest that RhoA-ROCK is the primary mechanism of β AR-regulation of breast cancer cell mechanotype. β AR signaling is established to increase the contractility of cardiac myocytes (71) and to decrease the traction stresses of human airway smooth muscle cells (72) . Recent findings show that activating β AR in adipose cells results in increased NMII activity and cell contractility, albeit through a Ca 2+ -MLCK pathway (73) . Taken together, our observations contribute to the growing literature that shows β AR activation regulates force generation across a range of cell types through slightly different mechanisms; such findings suggest that β AR regulation of cellular mechanotype is a convergent phenomenon that is essential to cellular homeostasis. For cancer cells, β AR-induced mechanotype changes could reflect their altered invasive behavior, which could provide them with a selective advantage to metastasize. Future in vivo studies will help to elucidate the role of cellular mechanotype in β AR regulation of metastasis. Ultimately a deeper understanding of the molecular signaling pathways that regulate cancer cell behaviors will advance our knowledge of 1 7 cancer biophysics and benefit the rational design of more effective drugs to suppress metastasis.
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